Diabetic retinopathy (DR) remains a leading cause of loss of vision in Europe and North America [1±5] but the underlying pathogenesis is still not known, although a number of risk factors have been identified in the course of observation [6, 7] and intervention studies [8] . In addition, despite improvements in metabolic control, proliferative DR (PDR) continues to occur, making epidemiological approaches to the problem useful. The EURODIAB Prospective Complications Study (PCS) investigated the largest cohort of patients with Type I (insulin-dependent) diabetes mellitus so far and was specifically designed to collect Diabetologia (2001) 
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Abstract Aims/hypothesis. Proliferative diabetic retinopathy (PDR), a leading cause of blindness, cannot be totally prevented by optimizing metabolic and blood pressure control and responds to no specific treatment other than partially destructive retinal photocoagulation. Recognizing risk factors using large-scale epidemiological studies could help identify targets for treatment. The EURODIAB Prospective Complications Study (PCS) includes the largest cohort so far of patients with Type I (insulin-dependent) diabetes mellitus. Methods. Baseline data were collected between 1989 and 1991 on 3250 patients who were recalled for follow-up. Physical examination, biochemical tests and assessment of complications were done on both occasions. In particular, 1249 patients had retinal photographs taken both basally and after an average of 7.3 years. Results. Proliferative retinopathy had developed in 157 patients (cumulative incidence 17.3/1000 patientyears; 95 %-CI: 13.6±21.1). HbA 1 c (standardized regression estimate ± SRE = 3.03, CI 2.49±3.69), diabetes duration (1.71, 1.42±2.06), age at diagnosis < 12 (1.66, 1.11±2.50), diastolic blood pressure less than or equal to 83 (1.50, 1.03±2.20) and waist-to-hip ratio (1.50, 1.03±2.20) were all independent predictors for progression to PDR when entered simultaneously into a logistic regression model. Including retinopathy at baseline maintained the effects of metabolic control and pre-pubertal onset only. Including the albumin excretion rate maintained the effect of control but reduced SRE for pre-pubertal onset to 1.49 (0.94±2.33). There was no evidence for a threshold effect for HbA 1 c concentrations at baseline and progression to proliferative retinopathy. Conclusion/hypothesis. Metabolic control and duration of diabetes are strong indicators of progression to proliferative retinopathy. Onset of diabetes before puberty could be an additional independent risk factor. [Diabetologia (2001) 
44: 2203±2209]
Keywords Diabetes, diabetic retinopathy, risk factors, glycaemic control, population studies, proliferative retinopathy, incidence, puberty, threshold effect. data on potentially modifiable risk factors for retinopathy. This paper reports on the results of a 7.3 year follow-up of patients with Type I diabetes from different countries in Europe [7] .
Materials and methods
We collected baseline data between 1989 and 1991 on 3250 patients with Type I diabetes. These were defined as patients diagnosed before 36 years of age and needing insulin therapy within a year of onset. The patients were recruited from 31 centres in 16 different countries and were between 15 and 60 years of age. Sampling was stratified according to age, sex and duration of disease, so that representation of the different subgroups would be similar. At the time of investigation, microvascular and macrovascular complications had been assessed, along with physical examination and biochemical variables, according to a standardized protocol [7] .
The patients were recalled for follow-up assessment 6±8 years later. Data on mortality were also collected. Four centres declined to participate and, in those who continued the study, a number of patients either refused to be re-examined or could not be traced. For these patients, morbidity forms were completed from available hospital case notes or other sources of clinical data, detailing the presence or absence of severe complications at their most recent visit.
Of the original cohort of 3250 patients, 445 had either been recruited in centres that did not take part in the prospective study (437) or did not fulfil the inclusion criteria (8), 557 had no retinal photographs taken at baseline and 235 already had PDR to start with (Fig. 1 ). In total, 2013 patients were potentially available for prospective evaluation but 607 had either died or been lost to follow-up in participating centres, and only in 1249 was retinal photography done in the follow up study. The latter is the sample to which the analysis refers.
Physical examination, biochemical tests and assessment of complications were carried out with the same protocol and questionnaire used at baseline [7] . Local HbA 1 c measurements for the previous 2 years (a maximum of eight) were recorded.
Height, weight and waist-to-hip ratio were measured as well as resting blood pressure.
Retinal photographs were taken according to the EURO-DIAB protocol [9] which included 2´45±50 fields, maculartemporal and disc-nasal for each eye, and a test of visual acuity using Snellen or similar visual acuity charts. Slides were developed locally and graded by the Retinopathy Grading Centre, by graders who had no information about the patients, except their identity number. The same grading centre was used for both baseline and follow-up investigations.
Mild, moderate and severe non-proliferative retinopathy were defined as previously described [9] . Progression to proliferative diabetic retinopathy (PDR) was defined as appearance of new vessels or fibrous tissue or both on the optic disc or elsewhere and/or panretinal photocoagulation (PRP) done in the follow-up period, in patients who did not have PDR or PRP scars at baseline.
Baseline blood samples, from fasting patients where possible, had been sent to central laboratories for analysis. Measurements included total cholesterol, HDL cholesterol and triglyceride [10±12] . LDL cholesterol was calculated according to the Friedewald formula [13] . The reference range for the HbA 1 c assay was 2.9±4.8 % [14] . Where possible, a sample was also assayed locally for HbA 1 c . The fibrinogen and von Willebrand Factor (vWF) were measured according to standard methods [15] . The g-glutamyltransferase concentrations were determined in plasma by a kinetic colorimetric method with L-gamma-3-carboxyl-4-nitranilide and glycylglycine as substrates (Roche Uni-Kit 2) using the Cobas-Bio centrifugal analyser. An aliquot of urine from one 24-h collection was sent to London for analysis of urinary albumin excretion [16] .
The presence of cardiovascular disease at baseline was defined as a past history of a cardiovascular event, including myocardial infarction, angina, coronary artery bypass graft or stroke, or major Q waves on ECG (Minnesota codes 1.1 or 1.2) [17] .
Statistical analysis. Linear regression was done by centre to compare the results of HbA 1 c measured locally and centrally at the same time, both from the baseline. This provided a formula to convert locally measured HbA 1 c to the centralized assay in each centre. An average of all local HbA 1c which had been measured for each individual, was calculated and converted to the central measure, as described above, in order to ensure that comparisons could be made of local measurements across centres. To allow comparisons with the DCCT, a formula was derived from a linear regression plot of measures of HbA 1 c arrived at using the London laboratory against those ar- Baseline characteristics for incidence were calculated using multiple regression techniques for continuous variables, and simple proportions for categorical variables. In both cases, adjustment for potential confounders was made where appropriate. A breakpoint or threshold effect for the relation between HbA 1 c and progression to PDR was tested by a two-phase segmented weighted regression analysis which fits two straight lines through a series of defined points [18] . These points were calculated by logistic regression adjusted for diabetes duration. This segmented regression was compared to the line of best fit, using weighted linear regression. Logistic regression was also used to test for a threshold effect [19] .
Standardized regression effects for risk factors which were continuous variables were calculated by multiplying the beta estimate from logistic regression models by the standard deviation of that variable. In such a case, not all log transformed variables were converted back to anti-logarithms. This procedure allows the direct comparison of the degree of importance of each variable in accounting for the risk of progression to PDR. Multivariate models were restricted to those individuals who had complete data on all included risk factors, that is 1044 out of 1092 people who did not progress to PDR at follow-up, and 148 out of 157 of those who did.
All analyses were initially stratified by sex. Because there were no appreciable differences in risk of retinopathy or risk factor relationships, combined data only are presented here.
Results
The patients without follow-up photographs and altogether lost to follow-up had significantly higher HbA 1 c , systolic blood pressure, total cholesterol and fasting triglyceride at baseline than the patients with follow-up pictures (Tab. 1).
The mean follow-up period was 7.3 years. During this time, 157 patients had developed PDR (cumulative incidence 17.3/1000 patient-years; 95 %-CI 13.6 to 21.1). Distribution by sex was 82 out of 655 men (12.5 %) and 75 out of 594 (12.6 %) women who progressed to PDR. Incidence increased until 15 years of diabetes duration at baseline and plateaued thereafter.
For univariate analysis, factors measured at baseline and associated with progression to PDR (Table 2) included duration of diabetes, centrally measured HbA 1 c , diastolic blood pressure, albumin excretion rate, total and LDL cholesterol, fasting triglyceride, all triglyceride (fasting and non-fasting) and waist-to-hip ratio. HbA 1 c measured locally over the 2 years before follow-up examination was also associated with progression to PDR. There was no evidence of a significant breakpoint or threshold effect in the relation between HbA 1 c measured at baseline and progression to PDR (Fig. 2) .
Severity of DR at baseline was associated with progression, as 30 (4 %) of those without DR developed PDR, compared to 61 (17 %) of those with minimal DR, 40 (40 %) of those with moderate DR and 26 (79 %) of those with severe non-proliferative DR.
Onset of diabetes before puberty was also a risk factor for progression to PDR. Diabetes had been diagnosed before age 12 in 40 % of the patients who progressed and 21 % of those who did not.
Because many of the above risk factors could be confounded by duration and HbA 1 c , all other risk factors were adjusted for both. This attenuated or abolished many such associations with progression to PDR. The only factors which remained significantly associated with progression to PDR were: fasting triglyceride (0.99 vs 0.89 mmol/l, p = 0.04), waist-tohip ratio (0.86 vs 0.84, p = 0.04) and albumin excretion rate [23 (95 %-CI 19,28) vs 13 (12,13) mg/min, p < 0.0001]. Odds ratios adjusted for HbA 1 c and duration of diabetes were significantly increased for val- HbA 1 c , diabetes duration, an age of less than 12 years at diagnosis, diastolic blood pressure and a waist-to-hip ratio remained significant predictors for progression to PDR when entered simultaneously into a logistic regression model ( Table 3 ). The strongest influence was from glycaemic control, with a standardized regression estimate of 3.03, followed by duration and onset before puberty. A second model which included the presence of retinopathy at baseline maintained the effects of metabolic control and onset before puberty only and abolished all the others. A third model, inclusive of AER, maintained a standardized regression estimate of 1.49 for onset of diabetes before puberty but this was no longer statistically significant. None of the other factors listed above, including locally measured HbA 1 c had any additional impact.
Discussion
The results of the EURODIAB PCS indicate that, apart from previously known risk factors such as metabolic control, duration of diabetes and the presence and severity of retinopathy at baseline, onset of Type I diabetes before puberty could be an independent indicator of progression to PDR.
The Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR) followed 996 patients with young-onset diabetes for 14 years. Of these, 13 % had PDR at baseline, and the rates of development over 4 [6] , 10 [20] and 14 years [21] were consistent with the incidence rate observed in this paper. As with EURODIAB PCS, glycated haemoglobin, duration of diabetes, severity of retinopathy at baseline and diastolic blood pressure were among the strongest factors associated with progression to PDR and an association with hypertension was also observed. Similar indicators of risk for progression to PDR were reported in the Joslin Clinic series, in which 292 patients with Type I diabetes were followed up from diagnosis for up to 40 years and the incidence of new PDR was 3 for every 100 patient-years [22] . In the Diabetes Control and Complications Trial, which had a median observation time similar to ours, progression to PDR was 2.4 for every 100 patient- years in the conventional treatment arm, reduced to 1.1 by intensive insulin treatment [8] . Unlike our series, however, these results refer to patients with minimal ( < 5 microneurysms) DR at entry. The standardized regression estimates carried out in this paper (Table 3) show that HbA 1 c was the strongest predictor of progression to PDR. No evidence for a glycaemic threshold above which incidence of PDR escalated was observed (Fig. 2) , in accordance with previous cohort studies [23±25] and the EURODIAB cross-sectional findings [7] . Increased AER was also independently associated with progression to PDR. Proteinuria was found to be associated with prevalence of PDR in cross-sectional studies [26] and with progression to PDR in longitudinal surveys [21, 27] . The observation that people with mild, moderate and severe non-proliferative lesions are more likely to develop PDR was also not surprising, as these patients have already gone through the initial stages of retinopathy, as reported previously [28, 29] .
Onset of diabetes in the pre-pubertal age, arbitrarily taken at 12 years of age, emerged as the second strongest predictor for progression to PDR, independent of diabetes duration (Table 3 , Model 1), and remained a significant risk factor even after adjusting for retinopathy at baseline (Table 3 , Model 2). This result was confirmed using a stratified approach by duration, and no significant interaction was found between age and duration on the association between pre-pubertal onset and risk of progression to PDR (data not shown). Only a further adjustment for albumin excretion rate attenuated the standardized regression estimates (Table 3 , Model 3) for age at puberty from 1.62 to 1.49, still a clinically relevant effect, even though statistical significance was lost. However, even if one assumes that these two variables are not independent of each other, it would be more likely that age of onset influences albuminuria than vice versa.
In the WESDR, at 10-year follow-up [20] , PDR was found less likely to have developed in patients who had been under 10 years of age at diagnosis, suggesting that pre-pubertal years might have a neutral effect on progression. Similar observations were reported by the Danish Study Group of Diabetes in Childhood [30] . Such a discrepancy could be due to the relative distribution of subjects, with short compared with long duration and early compared with later onset of diabetes in the WESDR and Danish studies, which recruited cohorts of consecutive patients. EURODIAB and its prospective arm, EURO-DIAB PCS, could be potentially better placed to check for the relative weight of age at onset as a risk factor, because patients had been stratified at baseline by age and duration. The presence of differences in risk factor concentrations at baseline between patients who were examined at follow-up and those who were not (Table 1) could raise the problem of how representative of the initial cohort the sample described in this paper was. However, such differences should not affect the direction or strength of risk factor relations. For example, even if HbA 1 c differed between patients who were and those who were not followed up, poor metabolic control probably does not increase the risk of developing PDR among progressors and reduce it among non-progressors. Diastolic blood pressure and waist-to-hip ratio displayed weaker associations with progression to PDR, which disappeared after adjusting by severity of retinopathy at baseline (Table 3 ). Both variables are associated with the insulin-resistance syndrome, which in turn could be involved in the pathogenesis of the vascular complications of diabetes [31±33] and was separately reported to be associated with appearance of retinopathy in the EURODIAB PCS cohort [34] . However, the mechanisms leading to new vessel formation are likely to become self-supporting during the natural history of retinopathy and this might explain why at least some risk factors for non-proliferative lesions are not relevant to PDR.
Although metabolic control was the strongest modifiable risk factor for the deterioration of retinopathy, current approaches to intensive treatment are not likely, on their own, to completely abolish progression to PDR [8] . In particular, there appears to be no glycaemic threshold below which a patient can be sure to be protected from progression to PDR, indicating that other lines of intervention must be pursued. The observation that the risk of progression increases for values of diastolic blood pressure above 84 mmHg (Table 3) , together with clinical trials showing the beneficial effect of aggressive antihypertensive treatment on retinopathy [35, 36] , further support adoption of the targets established by current WHO guidelines for the management of blood pressure in patients with diabetes as well [37] . The results of the EURODIAB PCS indicate that prevention of diabetes-related blindness depends on active control of blood glucose and blood pressure, coupled with regular screening for sight-threatening retinopathy [38] , these remaining the best available options for intervention on modifiable risk factors.
